Aquatic animals commonly sense flow using superficial neuromasts (SNs), which are receptors that extend from the body's surface. The lateral line of fishes is unique among these systems because it additionally possesses receptors, the canal neuromasts (CNs), that are recessed within a channel. The lateral line has inspired the development of engineered sensors and concepts in the analysis of flow fields for submersible navigation. The biophysics of CNs are known to be different from the SNs and thereby offer a distinct submodality. However, it is generally unclear whether CNs play a distinct role in behavior. We therefore tested whether CNs enhance foraging in the dark by zebrafish (Danio rerio), a behavior that we elicited with a vibrating rod. We found that juvenile fish, which have only SNs, bite at this rod at about one-third the rate and from as little as one-third the distance of adults for a high-frequency stimulus (50 < f < 100 Hz). We used novel techniques for manipulating the lateral line in adults to find that CNs offered only a modest benefit at a lower frequency (20 Hz) and that foraging was mediated entirely by cranial neuromasts. Consistent with our behavioral results, biophysical models predicted CNs to be more than an order of magnitude more sensitive than SNs at high frequencies. This enhancement helps to overcome the rapid spatial decay in high-frequency components in the flow around the stimulus. These findings contrast what has been previously established for fishes that are at least ten-times the length of zebrafish, which use trunk CNs to localize prey. Therefore, CNs generally enhance foraging, but in a manner that varies with the size of the fish and its prey. These results have the potential to improve our understanding of flow sensing in aquatic animals and engineered systems.
Introduction
A broad diversity of aquatic animals sense water flow with mechanoreceptors on the surface of the skin. Such a receptor generally includes an elongated structure, the cupula, that extends into the water, where it is deflected by hydrodynamic forces (Dijkgraaf 1963 ). This motion is transduced into a nervous signal by mechanosensory cells anchored within the skin. In fishes (Dijkgraaf 1963, Coombs and Montgomery 1999) and amphibians (Scharrer 1932) , these receptors are called superficial neuromasts (SNs) . SNs include a cluster of hair cells that transduce deflections of the cupula. Similar receptors (perhaps homologous) are found among cnidarians (Arkett et al 1988) , tunicates (Bone and Ryan 1978) , echinoderms (Cobb and Moore 1986) , and cephalopods (Budelmann and Bleckmann 1988) , and analogous structures are present in marine arthropods (Lenz and Yen 1993, Fields and Weissburg 2004) . The lateral line of fishes is unique among animals because it also includes a second type of receptor, the canal neuromast (CN). CNs are also a hair-cell mediated flow receptor and they originate in development as SNs. Therefore, some SNs in a juvenile fish will remain SNs while others are presumptive CNs (Webb and Shirey 2003) . However, once fully developed, the hemispherical cupula of a CN resides within a canal beneath the body's surface. These canals are opened to the surface via pores that induce flow through the canal with a difference in pressure (Denton and Gray 1983) . As a consequence of their biophysical differences, CNs may be up to three orders
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Andres Carrillo 1 of magnitude more sensitive than SNs and are tuned to higher frequences (van Netten and McHenry 2013) . However, it is not clear whether these differences offer distinct benefits to behavior. Therefore, the aim of the present study was to test whether CNs enhance the ability of zebrafish (Danio rerio) to forage in the dark.
The role that CNs play in behavior has perplexed biologists since their discovery. CNs are not necessary for the lateral line system to mediate some behaviors. For example, larval fishes generally do not possess CNs, yet their lateral line mediates rheotaxis (Oteiza et al 2017 , Olszewski et al 2012 and the escape responses to an approaching predator (Stewart et al 2014 , Nair et al 2017 . In some lineages, CNs have been secondarily lost (Wark and Peichel 2010) , with no obvious deficits in behavior. Nonetheless, CNs have been retained among a broad diversity of fishes, which suggests that this submodality offers some functional benefit. Perhaps the most compelling case for the value of CNs is offered by the prey localization behavior in the nocturnal foraging of the mottled sculpin. Hydrodynamic models of the pressure field generated by a prey (Kalmijn 1989) successfully predict the nervous patterns generated by CNs along the trunk (Coombs and Montgomery 1999) and removal of SNs has no significant effect on this behavior (Coombs et al 2001) . The essential role of trunk CNs in prey localization applies to other species of fishes that, like the mottled sculpin, are 10-20 cm in length (Ćurčić-Blake and van Netten 2006, Goulet et al 2008) or larger (Montgomery et al 2002) . However, the lateral line may not play a similar role in smaller fishes. Zebrafish larvae can feed on zooplankton in the dark despite possessing a lateral line with only SNs (Bianco et al 2011 , Patterson et al 2013 , Westphal and O'Malley 2013 , Carrillo and McHenry 2016 . Therefore, the hydrodynamics and morphological differences of smaller fishes may require that the lateral line operates differently from larger species.
Flow sensing has been a subject of interest in the areas of biomimetics and bio-inspired engineering. Engineered flow sensors have been developed at a variety of scales based on both SNs (Yang et al 2006 , Abdulsadda and Tan 2012 and CNs (Yang et al 2011 , Sharif et al 2017 . The development of methods to analyze flow fields from arrays of these and more conventional sensors remains an active area of invest igation. These efforts include the localization of a dipole stimulus (Dagamseh et al 2010) , and identifying the structure of a vortex wake (Klein and Bleckmann 2011, Colvert et al 2018) . In addition, flow sensing has been implemented in the control of foils (Free and Paley 2018) and submersibles (Zhang et al 2015 , DeVries et al 2015 . The present study has the potential to offer inspiration for the study of engineered flow sensing by demonstrating the flow stimuli to which fish are capable of responding with both CNs and SNs.
The present study investigated the role of CNs in foraging behavior by comparing adult zebrafish that have CNs to juveniles that do not. Zebrafish grow to adulthood at around a centimeter in length (Singleman and Holtzman 2014) , which is an order of magnitude smaller than sculpin (Brown 1981) and are therefore presumed to operate with different hydrodynamics. In a pilot study, we discovered that this foraging behavior may be elicited in zebrafish with the flow generated by a vibrating rod. We compared the bite rate elicited by this stimulus over a range of vibration frequencies in juveniles and adults and compared these behavioral frequency responses to biophysical models of CNs and SNs. In addition, we measured the distance at which these fish responded to the stimulus and visualized the flow field generated by the vibrating rod. These observations were supplemented with experimental manipulations that tested the role of SNs and CNs in adults. These approaches combined to offer a comprehensive view of the role of CNs for foraging in the dark.
Materials and methods

Animal care
Zebrafish were reared from wild-type colonies housed in a flow-through system (Aquatic Habitats, Apopka, FL, USA) that was maintained at 27.5 °C. Zebrafish were raised in tanks (3 l) connected to a recirculating system and were fed pellets (Larval AP100 and AP400, Ziegler Bros Inc., Gardens, PA, USA) daily. They were grown to two age groups: juveniles (30 d post-fertilization, d.p.f., mean and range of standard length: 8.67, 7.56-9.35 mm), which possessed SNs only, and adults (90 d.p.f.: 17.13, 15.2-18.42 mm), which possessed both SNs and CNs. All rearing and experimental protocols were conducted with the approval of the Institutional Animal Care and Use Committee at University of California, Irvine (protocol #AUP-17-12; #2554-2005 .
Behavioral experiments
We used a vibrating rod to stimulate foraging in zebrafish. The enlarged end of the rod (∅ = 300 µm) was formed by melting a bead of glass at the distal end of a microcapillary tube (∅ = 200 µm). Oscillations in the position of the rod were performed with a piezoelectric actuator (P-840.60, Physik Instrumente, Karlsruhe, Germany) that deflected a steel shim (0.15 mm thick), which was attached to the base of the rod ( figure 1(A) ). This actuator was operated with a closed-loop controller (PI Amplifier E-501.00, Physik Instrumente) that generated sinusoidal oscillations at a fixed amplitude of displacement (200 µm) over a frequency range from 2 Hz to 100 Hz, as dictated by a function generator (AGF3021, TekTronix, Beaverton, OR, USA). We calibrated the rod's displacement as a function of the amplitude of voltage of our control signal by kinematic measurements from high-speed video recordings for the range of frequencies used in our experiments. The distal end of the rod was submerged to a depth of 3.0 mm below the surface of the water for all experiments. The fish were motivated to forage by fasting them for three days and exposing them to the scent of ground food pellets mixed into the water.
We tested the responsiveness of the fish's behavior to different frequencies to see whether adults (CN + SN) are more sensitive to high-frequency stimuli than juveniles (SN only). This behavioral frequency response was performed by measuring the rate at which groups of fish would bite at the vibrating rod with video recordings in the dark. These experiments were conducted in a cylindrical tank (∅ = 100 mm, 80 ml of aquariumsystem water, 24 °C) with no visible light. In the interest of examining behavior in response to steady-state oscillatory flow, the rod positioned at the center of the tank was driven to oscillate for 30 s before we commenced video-recording for the flow field to establish steadystate conditions. The camera (FASTCAM, 1024PCI, Photron, San Diego, CA, USA, 4 × 4 cm field of view, 512 × 512 pixels, at 30 frames s −1 ) recorded from below using a mirror positioned at a 45° angle. An array of infrared LEDs (850 nm) were placed above to videorecord the fish with transmitted illumination in the absence of visible light (figure 1(A)). From these videos, we recorded the number of feeding strikes within a single 2 min period. This experiment was repeated for each group of fish at eight stimulus frequencies, chosen in a randomized order and interrupted with a 30 min resting period to minimize habituation. Seven groups of both adults and juveniles were exposed to one set of eight frequencies that spanned equal intervals at a ten-based log scale (i.e. 2.0, 3.5, 6.1, 10.7, 18.7, 32.7, 57 .2, and 100 Hz), as well as a control where the rod did not vibrate. Seven other groups were exposed to frequencies interspersed between these values (i.e. 13.3, 17.1, 21.9, 28.3, 36.4, 46.8, 60.3, and 72.6 Hz) . Together, experiments were performed for 14 groups of juveniles and 14 groups of adults, with each group consisting of five individuals. Bite rate values were divided by five to find the average rate per individual.
In another set of experiments, we tested the behavioral sensitivity of flow sensing by measuring the distance at which fish responded to the vibrating rod in the dark. These measurements required high-speed video of individual fish at a higher magnification and frame rate than the prior experiments and were therefore conducted separately. We recored responses to the vibrating rod with high-speed video (1240 × 1240 pixel, 24 × 24 mm field of view at 1000 frames s −1 ) under magnified optics (KC VideoMax S lens with an Achrovid 5× objective, INFINITY, Boulder, CO, USA) for individuals in a cylindrical tank (∅ = 60 mm, 15 ml of water, at a height of 12 mm, at 24.0 °C), with the rod positioned in the center ( figure  1(B) ). Each fish was exposed to the rod vibrating at one of three frequencies (20, 50, and 80 Hz) in a random order. We determined where the fish responded to flow by when they exhibited eye vergence, which is an an unconditioned behavioral response previously observed in zebrafish larvae (Bianco et al 2011 , Patterson et al 2013 , which we verified in adults and juveniles. Before a fish approaches a prey and strikes at it, vergence occurs by the eyes rotating anteriorly, even when foraging in the dark (see video footage in the supplementary data). We identified the onset of vergence by measuring the angular orientation between the eyes. This was achieved with a custom program developed in MATLAB (v. 2015b with the image processing toolbox, Mathworks, Natick, MA, USA). This program succeeded in using image registration to stabilize the video recording for a region of interest that included the head. We then described the orientation of the eyes, termed the vergence angle (θ). This was calculated as the angle between the major axes of the two ellipses that were fit to the shape of the eyes ( figure  1(C) ). Vergence corresponded to a rapid change in this angle; a position that was maintained up to when the fish would strike at the rod ( figure 1(D) ). The response distance was measured from the center of the eyes to the center of the rod axis at the moment that vergence was initiated, as determined by visual inspection.
Comparisons of our behavioral measurements between juveniles, adults, and adults with experimentally-manipulated lateral lines (described below) were performed with non-parametric statistics. These tests were chosen in favor of conventional statistics because we found that many of our measurements were not normally-distributed (Kolmogorov-Smirnov test, P < 0.01) and could not be normalized with standard transformations. We therefore report values by their median and range. Comparisons between juveniles and adult groups were performed using separate KruskalWallis tests. This included comparing measurements of bite rate at different frequencies and response distance with pairwise comparisons (Nemenyi tests, using a Tukey distribution approximation) to determine significant differences between groups for each set of experiments (implemented in RStudio, v. 1.0.136).
Experimental manipulation and morphometrics of the lateral line
We measured response distance in experimentallymanipulated adult fish to test the role of the lateral line in foraging. One manipulation tested the role of all cranial neuromasts by compromising neuromasts in that region and leaving SNs and CNs in the rest of the body intact (a group denoted 'No cLL'). This was achieved by exposing only the head of an anesthetized adult fish to an ototoxic solution of 2.5 mm neomycin sulfate (Fisher BioReagents, Fair Lawn, NJ, USA) for 30 min. We previously established that embedding the body in agar does not damage the neuromasts (Carrillo and McHenry 2016) . The trunk neuromasts were protected from this treatment by embedding the body in a block of 6% agar (low-melting point agarose, Fisher Scientific, Fair Lawn, NJ, USA). We first encased the whole body in molten agarose that was heated to 32.0 °C and then we solidified the material by placing this preparation in a 27.5 °C bath. Once set, the agar around the head was removed with a scalpel, and the head was exposed to the neomycin solution (buffered pH =7.0 in aquarium water, under aeration). After a 30 min exposure period, the fish was removed from the agar and allowed to recover in a petri dish with aquarium water for 30 min. In another group ('CN only'), we tested the role of cranial SNs by applying an ototoxic paste to the head. This compromised SN hair cells and left the CNs unaltered. The paste consisted of heated 1.5% agarose (60.0 °C), mixed with a solution of 10 mm neomycin sulfate. The paste was applied after cooling to 36.0 °C with a paint brush over the surface of the head of an anaesthetized fish (buffered MS-222; Finquel, Argent Chemical Laboratories, Remond, WA, USA, 0.001 g l −1
, under aeration). After a 10 min exposure period, the paste was removed with a cotton swab and the fish was allowed to recover in a petri dish with aquarium water. Treated fish were only used for experiments if they exhibited normal swimming and motivation to feed after treatment.
The efficacy of experimental treatments was determined by visualizing neuromast hair cells with a vital fluorescent stain. This stain, DASPEI ((2-(4-(dumethylamino)styryl)-N-ethylpyridinium iodide, Invitrogen, Eugene, OR, USA), differentially stains hair cells with an intensity that is positively related to the sensitivity of mechanotransduction (Harris et al 2003 , Van Trump et al 2010 . We applied DASPEI by placing fish in a 0.02% solution for 10 min, which was sufficient to infiltrate the hair cells of SNs and CNs. Stained neuromasts were photographed with a digital camera (AxioCam HRc, Carl Zeiss, Thornwood, NY, USA) connected to the stereomicroscope (225X, Zeiss Discovery V.20, Carl Zeiss) that included a fluorescent illuminator (120 W Mercury Vapor Short Arc, X-Cite series 120q, Lumen Dynamics, Mississauga, ON, CA) and GFP filter set. Four CNs (2 supraorbitals and two infraorbitals neuromasts) and the four SNs closest to each CN were photographed to compare the relative fluorescence intensity of individual neuromasts in treated and control fish. Relative intensity was determined from photographs as the mean pixel intensity of treated neuromasts, divided by the intensity of the same neuromast in control fish (scripted in MATLAB). These measurements were performed for all fish treated with neomycin at the conclusion of experiments.
The images of neuromasts that were stained with DASPEI were used for morphometrics, which provided the basis for biophysical modeling (described below). We measured the linear dimensions of the bundle of hair cells in cranial SNs and CNs from images of untreated fish. The size of this region was assumed to approximate a circular (in SNs) or elliptical (in CNs) base of the cupula. Measurements were performed with Fiji software (version 1.0, ImageJ, Madison, WI, USA). The canal width was also measured using Fiji from the images of the superorbital CNs, in which the canal was clearly visible.
Flow visualization
The flow field generated by the oscillating rod was measured to understand the stimulus to which the fish responded in our behavioral experiments. We measured flow with digital particle image velocimetry (DPIV) at the Woods Hole Oceanographic Institution using a microscale brightfield approach (Meinhart et al 2000 , Gemmell et al 2013 . We placed the oscillating rod within a rectangular chamber (2 × 4 cm wide and 5 cm tall) constructed of optical glass and illuminated using a collimated 1 W LED light source (Fisher Scientific, Waltham, MA, USA), with an aperture used to form a cross-sectional area only slightly larger than the field of view to reduce convection in the chamber (Du Clos and Jiang 2018). The viewing vessel, while optimized for flow visualization, had substantial differences from the chamber used in our behavioral experiments. The behavioral experiments were performed in a shallow cylindrical chamber to avoid the congregation of animals in corners and to minimize behavioral variation with respect to depth. However, it is possible at theses scales that the shallow water of our behavioral experiments introduced wall and surface effects not represented in our DPIV measurements. We therefore regarded DPIV measurements as offering only an approximation of the flow generated by our stimulus in behavioral experimentation. DPIV measurements were facilitated by video recordings of particle motion. The viewing vessel was filled with filtered water and seeded with polystyrene beads (∅ = 3 µm, Polysciences, Inc.,Warrington, PA, USA) with a sinking speed that was negligible compared to measured flow velocities. We actuated the rod at frequencies between 1 and 100 Hz and recorded flow with high-speed video (Photron Fastcam SA3 with a 20 mm, Nikon Micro Nikkor lens). The shallow depthof-field achieved with this arrangement provided a single in-focus slice (<0.1 mm thick) of moving tracer particles. Depending on the oscillation frequency, the camera recorded images at a rate of 500, 1000, or 2000 frames s −1 (with a shutter speed of 263, 333, or 333 µs, respectively) at 1024 × 1024 pixel resolution with a 4.12 mm square field of view. We collected images for both the plane in which the rod was oscillating ('in-plane') and the plane normal to the oscillation ('out-plane') to characterize the central planes of flow within the water volume. Images were processed using the MATLAB-based software PIVlab (Thielicke and Stamhuis 2014 ).
The acquisition of particle motion with DPIV posed some special challenges. To avoid interfacial distortion and artifacts, we masked the rod and its mount using brightness thresholding and edge detection prior to computing the velocity fields. Due to the high dynamic range required to measure flow velocity within the image area, we employed a novel approach to the time resolution of the vector fields. A high time resolution was necessary to resolve the vectors very close to the rod, but such a short interval was insufficient for reliable estimation of sub-pixel tracer displacements in the far field. We therefore computed the vector fields for each dataset at several time resolutions, using a small time interval for the flow near the rod and a large time interval for far-field flows. For all time resolutions, we employed a multipass algorithm that used an initial 64 × 64 pixel and a subsequent 32 × 32 pixel interrogation windows, with a Gaussian sub-pixel estimator.
Biophysical modeling of neuromasts
We used biophysical modeling to estimate the mechanical sensitivity of neuromasts to flow stimuli. These models formulated predictions based on our measurements of the dimensions of the cupula within CNs and SNs using the visualization techniques of hair cells to verify our experimental treatments (detailed above). The biophysical models formulated the frequency-dependent sensitivity of a neuromast as a transfer function (S) that calculated the deflection of a neuromast's hair cells, per unit flow velocity. Hair cell deflection is the focus of sensitivity because previous work established that the hair cells transduce deflections in proportion to the intensity of a flow stimulus Kroes 1989) . The frequency response was characterized by the magnitude of the transfer function (|S|) and the phase as its argument (arg(S)) (Lathi 2009 ), although our reported results focused only on the response magnitude.
The sensitivity of a CN depends both on the hydrodynamics of the canal and the dynamics of the neuromast. As a consequence of the viscous flow within the canal generated by pressure differences (Denton and Gray 1983) , the canal serves as low-pass mechanical filter like viscous flow through a cylindrical channel (Schlichting 1979) . In this context, the mechanical sensitivity may be defined as the flow velocity in the center of the canal (U can ), normalized by the acceleration of freestream flow (A) outside of the channel (van Netten and McHenry 2013) . A numerical solution for the frequency response of the sensitivity for the canal (S can ) was therefore calculated by the following equation (van Netten 2006):
where
f is the stimulus frequency, f s is the Nyquist frequency (i.e. half the sampling rate), and f can is the cut-off frequency of the canal. The cut-off frequency is given by the following relationship:
where µ can and ρ are respectively the dynamic viscosity (µ can = 5.1 mPa s) (van Netten and Kroese 1987, Kroese and and density (ρ = 1000 kg m −3 ) of fluid in the canal and R is the canal radius. The sensitivity of the CN additionally depends on the fluid-structure interaction between the flow within the canal and the neuromast. The cupula of the canal neuromast is modeled as a rigid hemisphere that is elastically-coupled to the wall of the canal via hair cells. Deflections of the hair cells (D) are thereby driven by fluid forces acting on the cupula. This biophysical model has been verified by deflection measurements using laser interferometry (van Netten and Kroese 1987, van Netten and Kroes 1989) . The sensitivity of the cupula (S cup ) may be calculated numerically with the following relationship (van Netten 2006):
f t is the transition frequency, and p c is a dimensionless physical constant for the cupula. These parameters are defined as follows:
where a is the radius of the cupula, n is the number of hair cells, k CN is the sliding stiffness of a single hair cell
) (van Netten and Kroese 1987, van Netten and Kroes 1989) . We approximated a as half the mean value of the width (W, linear dimension cross-wise with respect its canal) and length (L, linear dimension along the canal). The number of hair cells was estimated from measurements length, according to the following relationship, established previously (Webb and Shirey 2003) :
where L is entered with units of microns. The sensitivity of the hair cells to the acceleration of flow (S CN ) was calculated as the product of canal (equation (1)) and neuromast (equation (9)) sensitivity:
We similarly employed a biophysical model of the SNs to estimate their sensitivity. The superficial neuromasts reside within the boundary layer of flow over the surface of the body. The SN cupula is elongated and composed of highly compliant material (McHenry and van Netten 2007), which bends in flow (Liao 2010) . The mechanical filtering of this type of neuromast depends on the frequency-dependent hydrodynamics of the boundary layer and the fluid-structure interaction between this flow and the beam dynamics of the SN cupula. The combined influence of these mechanics generates a sensitivity of hair cell deflection (S SN ) to a freestream velocity stimulus (U ∞ ), given by the following relationship , Yoshizawa et al 2014 :
where the compliance parameter (K comp ), and low-frequency (K low ) and high-frequency (K high ) parameters are given as follows:
and
where k SN is the stiffness of a hair cell (k SN = 1 mN m
), h is the cupula height, w is the width of the cupula, and E is the Young's modulus of the cupula. We relied on previous measurements of cupula height (Van Trump and McHenry 2008) and treated it as a fixed parameter (h = 50 µm) in our comparisons.
Results
Behavioral experiments
The feeding responses of adult and juvenile zebrafish to a vibrating rod varied with the stimulus frequency. At frequencies below 10 Hz, the bite rate of adult fish (x = 0.29 min
, where x is the median value and the range is 0.14-0.38 min , N = 4, Kruskal-Wallis, H(7) = 7.00, P = 0.43, figure 2(B) ). Therefore, the responsiveness of zebrafish to high-frequency stimuli was significantly more pronounced in adults than juveniles (figures 2(A) and (B)). No fish were seen to bite at the rod when it was motionless during control experiments. Similar patterns of frequency response were found in our predictions of lateral line sensitivity, discussed below ( figure 2(C) ).
Experimental manipulations of the lateral line provided the means for us to test whether the enhanced sensitivity to flow of adult zebrafish may be attributed to the development of CNs (figure 3). Using relative fluorescence (i.e. relative to the same neuromast in the control) as an indication of hair cell function, our treatment of an ototoxic paste to the cranial region ('CN only') succeeded in compromising the functioning of SNs (x = 0.11, 0.07-0.16 relative fluorescence, N = 27), while leaving CNs largely unaltered (x = 0.76, 0.63-0.96, N = 27, figure 3(D)) in adult fish. Treating the cranial region with an ototoxic solution ('No cLL'), by contrast, compromised both CNs (x = 0.16, 0.10-0.17, N = 18) and SNs (x = 0.13, 0.07-0.14, N = 18) in adults. Therefore, these treatments provided an opportunity to test whether foraging is mediated by the cranial lateral line and whether the CNs alone are sufficient to exhibit the high behavioral responsiveness of adults.
We examined whether these manipulations affected the probability that fish exhibited vergence (figures 1(C) and (D)) in response to the vibrating rod. This probability in both adults (0.83 ± 0.08, ±95% confidence interval, N = 145) and juveniles (0.80 ± 0.07, N = 115) was about 80% when exposed to our artificial stimulus among all three stimulus frequencies (20, 50, and 80 Hz, figure 4). The probability of vergence was not significantly altered (Kruskal-Wallis, H(13) = 17.46, P = 0.18) in adults with compromised SNs in the cranium ('CN only': 0.77± 0.09, N = 94). However, adults entirely lacking a functional cranial lateral line showed vergence in less than one-fifth of experiments ('No cLL': 0.18± 0.08, N = 78), which was a highly-significant difference (Kruskal-Wallis, H(3) = 27.21, P < 0.001, pairwise comparisons, P < 0.05). In addition, fish in this group would bite at the rod only after contacting it with their fins, barbs, or body surface. Therefore, cranial neuromasts are necessary for vergence without tactile stimuli and cranial CNs are sufficient for a high probability of vergence.
The distance at which fish responded to the vibrating rod was found to vary among some of our experimental groups. This measurement was taken from the position of the center of a fish's head at the time when they exhibited vergence (figures 1(C) and (D)) for stimuli at 20, 50, and 80 Hz ( figure 5(A) ). At a low stimulus frequency (20 Hz), adults (x = 4.55 mm, 1.29-11.38 mm, N = 43) exhibited vergence ( figure 1(D) ) at a 60% greater distance than juveniles (x = 2.79 mm, 0.85-7.93 mm, N = 30, figure 5), which was statistically-significant (Kruskal-Wallis, H(5) = 48.23, P < 0.001, pairwise comparisons, P < 0.05, figure 5(B) ). This difference was more pronounced at higher stimulus frequencies. At 50 Hz, adults (x = 7.25 mm, 1.41-12.77 mm, N = 38) responded by more than twice the distance of juveniles (x = 3.52 mm, 1.02-8.22 mm, N = 31). At 80 Hz, adults (x = 7.03 mm, 1.13-11.28 mm, N = 39) Figure 2 . The behavioral frequency response to a vibrating rod. (A) The bite rate is the frequency by which an individual struck at the vibrating rod placed in the center of a cylindrical tank ( figure 1(A) ). These experiments were performed with 14 groups of five adult (in blue) and juvenile (in orange) fish. (B) We performed statistical comparisons in bite rate between adults (in blue) and juveniles (in orange) for groups of frequencies. We found significant effects of both age and vibration frequency, with post-hoc groups denoted by capital letters ('A' and 'B', see text for statistics). (C) Similar trends were predicted for the sensitivity of CNs and SNs, as predicted by our biophysical modeling (figure 7). The filled area of each boxplot extends from the first to third quartiles, with a center line at the median value and error flags that span the range.
responded at nearly three times the distance of juveniles (x = 2.60 mm, 0.87-10.63 mm, N = 31). All of these differences were highly significant (KruskalWallis tests, P < 0.01, pairwise comparisons, P < 0.05, figure 5 ). However, the response distance was not significant between adults with compromised SNs ('CN only') and unaltered fish ('SN+CN', KruskalWallis tests, P > 0.32, figure 5 ). Therefore, cranial SNs are not necessary for the high behavioral sensitivity shown in adults. . The probability of vergence in treatment and age groups. Juveniles (in orange, N = 115), adults (in blue, N = 145), and adults with compromised cranial SNs (in red, N = 94) all exhibited a statistically-indistinguishable probability of vergence of around 80% (±95% confidence intervals). In contrast, adults with a compromised cranial lateral line (in gray, N = 78) showed vergence less than one-fifth of the time, a highly-significant difference (see text for statistics).
Flow visualization, morphometrics, and biophysical modeling
We measured the flow field generated by the vibrating rod used in our experiments with DPIV. This included measurements along a plane parallel to the direction of vibration (i.e. 'in-plane') and a plane perpendicular (i.e. 'out-plane', figures 6(A)-(C)). The range and mean values were found for a series of positions away from the surface of the rod along both the in-plane and out-plane (figures 6(F) and (G)). In both planes, the flow velocity oscillated at the frequency of the rod's vibrations (figures 6(D) and (E)). Streaming flow toward or away from the rod was apparent by non-zero values for the mean velocity throughout the fluid. The range in flow velocity declined rapidly with distance from the rod. This decline was most rapid within 0.5 mm of the surface of the rod and at a more gradual spatial decay at greater distances, where we found behavioral responses (figure 5).
We modeled the frequency response of SNs and CNs for zebrafish at the ages presently studied. These models considered the measured dimensions of each neuromast (summarized in table 1) to model the sensitivity for both CNs (equation (9)) and SNs (equation (10)). Both types of neuromast were predicted to function as high-pass filters of flow velocity ( figure 7(A) ) for the range of stimulus frequencies that we considered (0.1Hz < f < 1000Hz). At the lower end of this frequency range, SNs proved to be more sensitive than CNs. For example, using the median morphometrics (table 1), the sensitivity of SNs (x = 0.72 nm/mm s ). The most notable difference was apparent at higher frequencies, where CNs were substantially more sensitive than SNs. For example, CN-sensitivity (x = 20.8 nm/mm s −1 ) was more than an order of magnitude greater than that of SNs (x = 1.45 nm/ mm s −1 ) for a 100 Hz stimulus. Therefore, CNs present some advantages to sensing flow, but only at relatively high frequencies.
The frequency responses of neuromasts were used to interpret behavioral responses to flow. As detailed above, we found that adults would bite at the vibrating rod more often than juveniles at relatively high stimulus frequencies, particularly at 50 < f < 100 Hz (figures 2(A) and (B)). At low frequencies (2 < f < 10 Hz), adults and juveniles were indistinguishable in bite rate and the two types of neuromast showed comparable responses (x = 1.80 nm/mm s −1 for CNs, x = 1.83 nm/mm s −1
for SNs, N = 64). At medium frequencies (10 < f < 50 Hz), where adults showed a significantly higher bite rate, CNs were predicted to be more than four-times more sensitive (x = 9.87 nm/mm s ,N = 64) were more than an ,N = 64) to high-frequency (50 < f < 100 Hz) stimuli, where bite rate was higher in adults. Despite these similarities between behavior and our modeling, it is noteworthy that the higher frequencies yielded more than a ten-fold sensitivity difference, whereas bite rate was different only by a factor of three.
Discussion
We found that CNs enhance the ability of zebrafish to forage in the dark. This finding was established by behavioral comparisons between juveniles and adults (figure 2) and through experimental manipulation (figures 3-5). We additionally measured the flow field generated by our artificial stimulus ( figure 6 ) and modeled the frequency responses of CNs and SNs (figure 7). These findings on zebrafish are consistent in a number of respects with previous research on prey localization in the mottled sculpin (Coombs and Conley 1997a , 1997b , Conley and Coombs 1998 ) and other fishes (Montgomery et al 2002 , Ćurčić-Blake and van Netten 2006 , Goulet et al 2008 that are about ten times the length of zebrafish adults. However, there are sufficient differences in hydrodynamic scale and lateral line morphology between zebrafish and these larger species to suggest that fishes of different size sense prey in a manner that is fundamentally distinct. As detailed below, the inviscid dipole models fail at these smaller scales and it does not appear that zebrafish use their trunk lateral line to localize prey. Our results support the idea that CNs do aid in localizing prey, but that their specific function depends on the size of the predator and its prey. These findings offer lessons for bioinspired applications of flow sensing.
The effects of neuromast sensitivity on foraging behavior
We found a number of ways that the foraging of zebrafish conforms to the predictions of biophysical models of neuromasts. Adult zebrafish showed a bite rate to high frequency stimuli (50 < f < 100 Hz) that was greater than that of juveniles, which do not have CNs ( figure  2(A) ). This is consistent with the predictions that CNs are more sensitive than SNs for the same frequencies ( figure 2(B) ). In addition, adults responded from a slightly (∼60%) greater distance at 20 Hz, but at more substantial distances for 50 Hz (∼2-times) and 80 Hz (∼3-times) (figure 5). These results are similar to the predictions that CNs are only slightly more sensitive than SNs at 20 Hz, but are more superior at 50 and 80 Hz ( figure 7) . Comparisons between juveniles and adults in isolation leave open the possibility that differences in behavior are not due to the presence of CNs but may be other developmental effects. Adult fish possess more SNs than do juveniles. We tested whether this feature explained the increase in responsiveness through our experimental manipulations of adults (figure 3). We found that adults with compromised cranial SNs showed the same probability of vergence (figure 4) and responded from a comparable distance (figure 5) as control adults. There were noteworthy discrepancies between the predictions of our biophysical modeling and behavioral measurements. The models predict a greater magnitude of difference in neuromast sensitivity than is shown in behavior. For example, CNs are predicted to be more than an order of magnitude more sensitive than SNs to high-frequency stimuli ( figure  2(C) ), yet adults showed only a two-fold greater bite rate than juveniles ( figure 2(B) ). Similarly, CNs are six-times more sensitive to a 50 Hz stimulus than are SNs (figure 7), but response distance was greater in adults by only a factor of two (figure 5). These discrepancies may partially be explained by the nature of the flow field generated by the vibrating rod. Flow velocity showed a rapid attenuation with distance (figures 6(F) and (G)). This non-linear relationship requires a disproportionate increase in sensitivity to achieve an incremental increase in response distance. If bite rate similarly reflects the probability that a forager moves within a radius of sensitivity around the rod where it may be detected, then it too would be expected to require disproportionate increases in sensitivity for a small increase in bite rate.
Such discrepancies between behavior and model predictions may be due to features of the animals' nervous systems. Eye vergence is a discrete behavioral response that is likely initiated in response to a (1) and (9)) and SNs (in red, equation (10) stimulus intensity that exceeds some threshold value. At the level of the neuromasts, stimulus intensity is transduced by the deflection of the hair cells, which demonstrates the value of biophysical models (van Netten and Kroese 1987) . However, the nervous system presents a series of opportunities to raise or lower the threshold stimulus that elicits a motor response. At the neuromast level, threshold sensitivity is thought to be determined by the ratio of hair cell deflection to the Brownian gating spring noise that is inherent to mechanotransduction, which is inversely proportional to the square root of the number of hair cells (van Netten et al 2003) . Small adult zebrafish have CNs that possess around 44 hair cells (Webb and Shirey 2003) , which is approximately four times the number of hair cells in the SNs (Van Trump and McHenry 2008) . This suggests that CN have about half the threshold sensitivity of SNs, at a level of ∼1 nm (van Netten 2006). However, this consideration neglects the role of integration in the peripheral nervous system. For example, trunk afferent neurons in zebrafish branch to the hair cells of multiple SNs (Liao 2010) . Therefore, the threshold sensitivity could be improved through the integration of signals across neuromasts at the level of the periphery. Integration could further occur within the hind brain to lower the sensory threshold. Therefore, our biophysical models for individual neuromasts are consistent with the behavioral differences between adults, juveniles, and manipulated fish, but an examination of threshold sensitivity supports a role for central integration by the nervous system. The presence of CNs offers the potential for a variety of benefits to the lateral line system of a fish. Our findings underscore how the greater sensitivity of CNs can expand the sensory field, which allows a foraging fish to survey a greater volume of water. It is not clear from our experiments if CNs offer additional benefits, but there are theoretical possibilities. Possessing an array with both highly sensitive (CN) and lower-sensitivity (SN) receptors presents the opportunity for a system with a broader dynamic range than would be possible with just one type of receptor (Van Trump and McHenry 2008) . CNs appear in a more broad variety of shapes and sizes relative to SNs (Munz 1989) , which biophysical models suggest should offer variation in sensitivity. Differences in frequency response between the two types of neuromast raise the potential for functional specialization of one type to particular environmental conditions. For example, neurophysiological recordings of lateral line afferents support the notion that SNs become saturated by the relatively low-frequency signals when swimming against a cur rent whereas CNs remain sensitive to a dipole (Engelmann et al 2000) .
Effects of size and lateral line morphology
The results of present experiments share a number of similarities with previous research on the lateral line in larger fishes. Work on prey localization in the mottled sculpin (Cottus bairdi) by Coombs, Conley, and others (e.g. Hoekstra and Janssen 1985 , Coombs and Janssen 1990 , Jones and Janssen 1992 , 1997a , 1997b , Conley and Coombs 1998 , Coombs 1999 , Coombs and Montgomery 1999 and Coombs et al 2001 offers perhaps the most comprehensive understanding for the role of flow sensing in the behavior of any animal (Sane and Liao 2013) . Results on the sculpin apply to other fishes. The neurophysiology of the lateral line responds in a manner consist with its ability to sense the spatial distribution of a inviscid dipole in the ruffe (Ćurčić-Blake and van Netten 2006) and goldfish (Goulet et al 2008) . As we report for zebrafish, the sculpin bites at a vibrating object in the dark after directing its swimming toward this stimulus source (Coombs and Conley 1997a, Hoekstra and Janssen 1985) . Consistent with our findings on zebrafish, ablating the lateral line in sculpin extinguishes this behavior (Conley and Coombs 1998) and experimental removal of SNs has shown that CNs are sufficient for the behavior in sculpin (Coombs et al 2001) , much like what we found for zebrafish (figure 5).
Despite these behavioral similarities, there are substantial hydrodynamic differences between adult zebrafish and these larger fishes. The vibrating sphere used to mimic prey for sculpin was larger than for zebrafish and therefore operates at a distinct hydrodynamic regime. This is indicated by the Reynolds number for an oscillating flow (Re AC = πa 2 ρf /µ, where a is the radius) (Batchelor 1967) . The radius of the vibrating sphere used in previous experiments (a = 3 mm) (Coombs and Conley 1997a) was 20 times that of the rod that we used for zebrafish (a = 150 µ m). This means that the sphere in the sculpin experiments operated at a regime (Re AC = 3, 180 for 50 Hz) where viscosity may be neglected and the sphere may be modeled as an inviscid dipole (Kalmijn 1988 ). This dipole model successfully predicted the spatial pattern of microphonic potentials by the hair cells of CNs (Ćurčić-Blake and van Netten 2006) and the extracellular action potentials from the lateral line nerve (Coombs and Conley 1997b, Goulet et al 2008) . In contrast, the rod that we used for zebrafish operated at a scale (Re AC = 8 for 50 Hz) where viscous forces play a substantial role in the flow field. Consistent with this idea, we did not observe the 1/r 3 attenuation in flow velocity with distance predicted in the far field for a dipole stimulus (figure 6) (Kalmijn 1988) . Unlike the flows of an inviscid dipole, viscous flows are altered by their interaction with the body (Rapo et al 2009, Windsor and . Therefore, the spatial pattern of the flow stimulus at the scale of zebrafish appears to be more difficult to predict and its complexity may challenge a fish's ability to localize the source.
The zebrafish lateral line contrasts that of some larger species in ways that may additionally influence how prey are detected. The sculpin, ruffe, and goldfish all possess a series of CNs that extend over the length of a body at high density, which forms a macroscopi-cally-visible trunk lateral line. The central neurophysiology that explains this system's ability to localize a source remains mysterious, but proposed mechanisms depend on a series of neuromasts that extend along the length of the body (Ćurčić-Blake and van Netten 2006 , Bleckmann 2008 , Goulet et al 2008 . Although experimental ablation of cranial neuromasts did adversely affect localization in the sculpin, the trunk was sufficient for the behavior (Conley and Coombs 1998) . In contrast, we found that the trunk SN neuromasts were insufficient for prey localization and response distance was generally less than the body length in zebrafish (figure 5). When we compromised the cranial neuromasts and left the trunk lateral line intact, zebrafish would not bite at the rod and ceased to exhibit vergence almost entirely (figure 4). The trunk lateral line may not play a large role in foraging in young adult zebrafish because the trunk does not include a series of CNs along its length, but is almost entirely composed of SNs. Therefore, in addition to operating at an intermediate Reynolds number regime, these zebrafish may lack a trunk lateral line system capable of localizing a dipole stimulus.
The CNs of zebrafish are additionally not as sensitive as those of some larger fishes. We found that CNs may be as much as 40-times more sensitive than SNs, but only at frequencies in the hundreds of hertz. In the range of ten of hertz, where many prey operate (Montgomery et al 1997), CNs offer only a small advantage over SNs (figure 7). This is well-short of the predictions of biophysical modeling of the CNs of the ruffe, which may attain a 1000-fold enhancement of sensitivity over SNs (van Netten and McHenry 2013) . The ruffe is a significant species because they have served as the primary experimental system for testing biophysical models (van Netten and Kroes 1989, van Netten 2006) and therefore offers our best understanding for CN sensitivity. This discrepancy between the ruffe and zebrafish is due to differences in the size of the neuromast and canal. Not only is the ruffe about ten-times the length of zebrafish, but its CNs are disproportionately large for a fish of its size (Webb 1989 ). By contrast, we have presently examined the CNs of zebrafish shortly after the developmental stage when the CNs are smallest and the canal has only just enclosed. Therefore, this represents the stage of growth where CNs should compare the least-favorably against SNs. Beyond this stage, CNs increase in size, hair cell number, and canal diameter (Webb and Shirey 2003) . As a consequence, larger adults are anticipated to have a lateral line system with superior sensitivity to the relatively small adults presently considered. For example, the canal diameter in large adults are about about twice that presently reported (Wada et al 2014) . CNs also develop in the trunk in larger adults, which may enhance the role of that region for prey localization. Therefore, CNs offer a substantial benefit for sensing at relatively high frequencies and this margin is anticipated to improve with further growth.
In summary, the present study suggests that zebrafish use CNs to enhance foraging in the dark in a manner that contrasts larger fishes. We found that the development of CNs among adults of this species is beneficial primarily for the detection of relatively high frequencies, in the tens to hundreds of hertz (figures 2 and 5). Although these findings are similar to what has been demonstrated in larger fish species, differences in hydrodynamics and lateral line morphology suggest that lateral line function for fishes at the single centimeter scale is distinct from those that are tens of centimeters in length. Zebrafish operate in an intermediate Reynolds number regime where inviscid hydrodynamic models fail to predict the flow field generated by a prey mimic. In addition, the trunk lateral line does not include CNs in young adults and the CNs in the cranium are relatively small. Prey localization in zebrafish is therefore primarily mediated by the cranial lateral line (figure 5), in contrast to the major role played by the trunk system in larger species. These results suggest that the lateral line system can play an important role in foraging for fishes at a variety of sizes, but the details of how this is achieved are scale-dependent. Therefore, size serves as a mediating factor in the role of the lateral line system in the behavior of fishes.
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